Traumatic brain injury (TBI)-induced elevated intracranial pressure (ICP) is correlated with ensuing morbidity/mortality in humans. This relationship is assumed to rely mostly on the recognition that extremely elevated ICP either indicates hematoma/contusions capable of precipitating herniation or alters cerebral perfusion pressure (CPP), which precipitates global ischemia. However, whether subischemic levels of elevated ICP without hematoma/contusion contribute to increased morbidity/mortality remains unknown. To address this knowledge gap, we utilized a model of moderate diffuse TBI in rats followed by either intraventricular ICP monitoring or manual ICP elevation to 20 mm Hg, in which CPP was above ischemic levels. The effects of ICP elevation after TBI on acute and chronic histopathology, as well as on behavioral morbidity, were evaluated. ICP elevation after TBI resulted in increased acute neuronal membrane perturbation and was also associated with reduced neuronal density at 4 weeks after injury. Somatosensory hypersensitivity was exacerbated by ICP elevation and was correlated to the observed neuronal loss. In conclusion, this study indicates that morbidity and increased neuronal damage/death associated with elevated ICP can occur without concurrent global ischemia. Therefore, understanding the pathologies associated with subischemic levels of elevated ICP could lead to the development of better therapeutic strategies for the treatment and management of TBI patients.
INTRODUCTION
Traumatic brain injury (TBI) remains a significant healthcare problem resulting in billions of dollars spent annually and innumerable physical and/or emotional consequences owing to the mortality and chronic morbidity. 1 A major contributing factor of TBI-associated morbidity and negative outcomes in the human population is elevated intracranial pressure (ICP) to levels above 20 mm Hg. [2] [3] [4] The most well-studied causes of elevated ICP-related brain damage after TBI are hematoma/contusion expansion and reduced blood flow to the brain. 5 While experimental studies of hematoma and contusional TBI utilizing decompressive craniectomies showed reduced ICP and brain pathology, [6] [7] [8] the Decompressive Craniectomy trial demonstrated low efficacy of this aggressive therapy on diffuse TBI. 9 The findings of this level I clinical trial highlight the lack of knowledge regarding the ICP-mediated pathologies associated with diffuse TBI. In addition, despite the well-known relationship between elevated ICP and ensuing global ischemia, due to reduction in cerebral perfusion pressure (CPP [10] [11] [12] ) little is known about the consequences of more modest ICP elevations, to the clinical threshold of 20 mm Hg, independent of potential global ischemia. These questions assume greater clinical relevance in light of recent debates regarding the potential risks of ICP monitoring after TBI. [13] [14] [15] Several experimental studies have shown that mechanical forces associated with TBI precipitate membrane perturbation that is potentially associated with cell death as well as acute changes in circuitry/cell excitability. [16] [17] [18] [19] [20] [21] We have recently demonstrated that neuronal membrane perturbation in layers V and VI of the somatosensory cortex of rats was exacerbated acutely in the face of naturally elevated ICP after TBI. 22 However, whether such exacerbated membrane perturbation results in increased TBI-associated morbidity over time remains unknown. Moreover, we cannot exclude the possibility that the exacerbated membrane perturbation and elevated ICP observed in our previous model occurred independently.
In the current communication, we explore the acute and chronic consequences of modestly elevated ICP after TBI utilizing a model of moderate diffuse TBI in rats, followed by either routine intraventricular ICP monitoring alone or manual ICP elevation to 20 mm Hg, at which level, the CPP remained above ischemic levels (50 mm Hg). [23] [24] [25] Acute neuronal pathology was investigated via analysis of axonal injury and neuronal membrane perturbation within layers V and VI of the somatosensory cortex 6 hours after TBI. The potential for chronic neuronal loss in this cortical region was also evaluated 4 weeks after injury. Finally, behavioral morbidity, in the form of somatosensory hypersensitivity, was assessed using the whisker nuisance task (WNT), as changes in sensitivity to whisker stimulation are associated with damage in the somatosensory cortex. 26, 27 Through these multifaceted approaches, modest elevations of ICP were found to result in exacerbated acute neuronal membrane perturbation and reduced neuronal density chronically after TBI. Behavioral morbidity was also exacerbated with ICP elevation in a fashion that correlated to the reduction in neuronal density.
MATERIALS AND METHODS Animals
Experiments were conducted in accordance with the Virginia Commonwealth University institutional ethical guidelines concerning the care and use of laboratory animals (Institutional Animal Care and Use Committee, Virginia Commonwealth University), which adhere to regulations including, but not limited to, those set forth in the ''Guide for the Care and Use of Laboratory Animals: 8th Edition'' (National Research Council). Thirty adult (12 to 16-week-old) male Sprague-Dawley rats weighing 350 to 450 g were used for this study. Animals were housed in individual cages on a 12-hour light-dark cycle, with free access to food and water. To investigate the pathologic and behavioral effects of ICP elevation after diffuse moderate TBI, animals were randomly divided into one of three injury groups: sham, TBI alone, or TBI þ ICP elevation, with the animals killed and histologically evaluated at either 6 hours or 4 weeks. The experimental paradigm utilized is depicted in Figure 1 .
Surgical Preparation and Injury Induction
Animals were intubated and ventilated with 1.5% to 2.5% isoflurane, 30% O 2 , and 70% N 2 O throughout the duration of the surgery and physiologic monitoring. Body temperature was maintained at 37 1C with a rectal thermometer connected to a feedback-controlled heating pad (Harvard Apparatus, Holliston, MA, USA). For acute survival animals (6 hours), a PE50 polyethylene tube connected to a closed pressure system (Becton Dickinson, Franklin Lakes, NJ, USA) was placed into the right femoral artery to monitor the mean arterial blood pressure (MABP) before and for 6 hours after injury. All animals were placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA). A midline incision was made between the bregma and lambda, and a 4.8 mm diameter circular craniotomy was made along the sagittal suture midway between the bregma and lambda for injury induction. A 2 mm diameter burr hole was also drilled into the left parietal bone overlying the left lateral ventricle (0.8 mm posterior, 1.3 mm lateral, and 2.5 to 3 mm ventral relative to bregma) through which a 25-gauge needle, connected to a pressure transducer and a micro infusion pump 11 Elite syringe pump (Harvard Apparatus) via PE50 tubing, was placed into the left ventricle. Appropriate placement was verified via a 3 ml/minute infusion of sterile saline within the closed fluid pressure system during needle placement. 22, 28 The needle was held in the lateral ventricle for at least 5 minutes to record preinjury ICP, then the needle was slowly removed. Bone wax was used to seal the burr hole used for the ICP measurements before preparation for sham or central fluid percussion injury (cFPI). The procedures used to induce cFPI were consistent with those described previously. 29 Briefly, a Luer-Loc syringe hub was affixed to the craniotomy site with dental acrylic (methyl methacrylate; Hygenic, Akron, OH, USA) that was applied around the hub, including the area overlying the sealed burr hole. Animals were removed from the stereotaxic frame and injured at a magnitude of 2.05 ± 0.05 atmospheres with a pressure pulse measured by a transducer affixed to the injury device and displayed on an oscilloscope (Tektronix, Beaverton, OR, USA). Immediately after the injury, animals were reconnected to the ventilator and physiologic monitoring devices. The hub, dental acrylic, and bone wax were removed en bloc and Gelfoam was placed over the craniotomy/injury site. The animal was then replaced in the stereotaxic device, and the ICP probe was reinserted into the lateral ventricle, as described above, for postinjury ICP monitoring. Identical surgical procedures were followed for sham-injured animals, without the release of the pendulum to induce the injury. For animals sustaining TBI followed by ICP elevation, ICP was manually elevated to 20 mm Hg via infusion of sterile normal saline at 3 to 10 ml/minute (typically o40 ml used) using the micro infusion Pump 11 Elite syringe pump controlled by the experimenter. Once 20 mm Hg was achieved, ICP was maintained for 1 hour after injury ( Figure 1 ). After initial ICP elevation, the majority of animals did not require supplemental saline infusion. Manually induced changes in ICP were only achievable after TBI (data not shown). Animals surviving chronically (4 weeks) were allowed to recover 30 minutes after ICP monitoring only or ICP elevation and then were returned to clean home-cages ( Figure 1 ).
Tracer Infusion
In the acute (6 hours) survival animals, two Alexa-conjugated dextrans were infused into the lateral ventricle as described previously. 22 Briefly, 15 ml of 10 kDa dextran conjugated to either Alexa Fluor (AF) 568 or 488 (40 mg/ml in 0.9% sterile saline; 2 mg/kg; Life Technologies, CA, USA) was infused into the left lateral ventricle at 0.5 to 2 ml/minute, with continuous ICP monitoring, before injury preparation ( Figure 1 ). Half of the animals were infused with AF 568 dextran and half were infused with AF 488 dextran preinjury to avoid bias caused by differences in fluorescent signal detectability. The needle remained in the ventricle for 20 minutes after completion of the tracer infusion. It was then slowly removed and the animal was prepared for sham, TBI alone, or TBI þ ICP elevation, as described above. Four and a half hours after injury, the ICP needle was reinserted into the left lateral ventricle and AF 568-conjugated or AF 488conjugated 10 kDa dextran (opposite of the dextran infused before injury) was infused in the same fashion as the preinjury dextran ( Figure 1 ). The tracer was allowed to diffuse for an additional hour before transcardial perfusion at 6 hours after sham or cFPI.
Physiologic Assessment
Heart rate, respiratory rate, and hemoglobin oxygen saturation were monitored via a hindpaw pulse oximetry sensor (STARR Life Sciences, Oakmont, PA, USA) for the duration of anesthesia, except during the induction of injury. Intracranial pressure was measured intraventricularly, as described above. In acutely surviving animals (6 hours), the femoral artery was cannulated for MABP monitoring and blood gas analysis (Stat Profile pHOx, Nova Biomedical, Waltham, MA, USA), which was performed before killing to confirm the ongoing physiologic measurements. All physiologic measurements (MABP, ICP, heart rate, hemoglobin oxygen saturation) were recorded using a PowerLab System (AD Instruments, Colorado Springs, CO, USA). Cerebral perfusion pressure was determined by subtracting the ICP from the MABP. All animals maintained physiologic homeostasis (i.e., MABP460 mm Hg, CPP450 mm Hg, oxygenation490%, heart rate4200 b.p.m.; Table 1 ). To minimize stress and obviate any concern that femoral ligation could negatively influence behavioral outcomes, a femoral artery cannula was not placed and MABP was not measured in animals within the chronic survival group. Intracranial Figure 1 . Schematic representation of the timelines for the experimental procedures used in this study. Top timeline represents acute studies whereas the bottom timeline refers to chronic procedures. A cFPI (black arrowhead) was used to induce a moderate diffuse traumatic brain injury (TBI) that was followed in a subset of animals by manual intracranial pressure (ICP) elevation via intraventricular infusion of sterile saline 15 minutes to 1 hour after injury. Control animals were subjected to the same procedures except for the cFPI and ICP elevation (manually induced changes in ICP were only observed after injury, data not shown). For all conditions, animals were maintained under anesthesia throughout the duration of physiologic monitoring, until they were either transcardially perfused for histologic analysis (acute procedures; gray arrow) or allowed to recover from anesthesia (chronic procedures; white arrowhead). Note that infusions of different fluorescently conjugated dextrans (black arrow) took place both before and 4.5 hours after cFPI/sham injuries in the acute studies. Similarly, the whisker nuisance task (WNT; white arrows) was assessed 1 day before and 4 weeks after TBI or sham injury in the chronic studies. pressure and noninvasive systemic physiologic monitoring, however, were performed during surgery and for 1.5 hours after cFPI or sham injury in animals within the chronic survival groups (Figure 1 ).
Tissue Processing
At 6 hours or 4 weeks postsham or cFPI animals were injected with 400 ml Euthasol euthanasia-III solution (Henry Schein, Dublin, OH, USA) and underwent transcardial perfusion with 0.9% saline followed by 4% paraformaldehyde/0.2% glutaraldehyde in Millonig's buffer (136 mmol/L sodium phosphate monobasic/109 mmol/L sodium hydroxide) for immunohistochemical analysis (Figure 1 ). After transcardial perfusion, the brains were removed and postfixed for 24 hours. As expected, little gross pathology was observed in animals sustaining TBI, either with or without additional postinjury ICP elevation. Acutely (6 hours) after TBI, subarachnoid hemorrhage and isolated petechial hemorrhage in the subcortical white matter were seen; however, these occurred without any sign of contusion, hematoma formation, or tissue loss in the cortex. Chronically (4 weeks) after TBI, neither subarachnoid hemorrhage nor cortical contusion was observed. Only one injured animal displayed evidence of tissue loss, which was confined to the superficial layers of the cortex and did not interfere with the histologic analysis.
Postfixed brains were sectioned coronally in 0.1 mmol/L phosphate buffer with a vibratome (Leica, Banockburn, IL, USA) at a thickness of 40 mm from bregma to B4.0 mm posterior to bregma. Sections were collected serially in 12-well plates and stored in Millonig's buffer at 4 1C. All quantitative analyses were performed at least 1 mm posterior to the needle track used for ICP monitoring/elevation, in a blinded fashion, throughout the rostral-caudal extent (1.8 mm ± 0.2 mm to 3.8 mm ± 0.2 mm posterior to bregma). A random starting well was selected (wells 1 to 12) and four serial sections, each 480 mm apart, were analyzed. All histologic analyses were restricted to layers V and VI of the lateral somatosensory neocortex extending from the area lateral to CA1 to the area lateral to CA3 of the hippocampus.
Detection and Quantification of Axonal Injury
For amyloid precursor protein (APP) immunohistochemistry sections were immunolabeled, as previously described, 22 with a primary rabbit antibody against the C terminus of b-APP (Cat. #51-2700, 1:1,000, Life Technologies) followed by secondary antibody, biotinylated goat anti-rabbit IgG (Cat. #BA-1000, 1:1,000, Vector Laboratories, Burlingame, CA, USA). The sections were then incubated in avidin biotinylated enzyme complex using the Vectastain ABC kit (Vector Laboratories) followed by visualization with 0.05% diaminobenzidine/0.01% H 2 O 2 /0.3% imidazole/phosphate-buffered saline. The tissue was mounted, dehydrated, and cover-slipped. Visualization of APP-labeled axonal swellings was performed using a Nikon Eclipse 800 microscope (Nikon, Tokyo, Japan) equipped with an Olympus DP71 camera (Olympus, Center Valley, PA, USA). The region of interest within the somatosensory neocortex (a 3.75 mm Â 1.55 mm rectangular area) was imaged bilaterally at Â 4 magnification (n ¼ 8 images per animal), holding image acquisition settings constant for all groups analyzed. Analysis of the number of APP þ axonal swellings was performed using the particle analysis function in ImageJ software (NIH, Bethesda, MD, USA). The number of APP þ swellings per unit area was quantified for each image and averaged for each animal.
Neuronal Membrane Perturbation Analysis
Consistent with previous studies, we assessed the potential for neuronal membrane perturbation via the utilization of parenchymal 10 kDa dextrans, which are impermeable to neurons with intact membranes. 18, 19, 22, 28, 29 Dextran-containing cells, indicative of membrane perturbation, could be visualized via confocal microscopy without further processing by utilizing the infused dextrans conjugated to fluorophores (AF 488 and AF 568). Sections were blocked with 10% normal goat serum, permeabilized with 1.5% Triton in normal goat serum, and immunolabeled with NeuN (Cat. #MAB377, 1:500, Millipore, Billerica, MA, USA) to identify neurons. Secondary antibody AF 633-conjugated goat anti-mouse IgG (Cat. #A21052, 1:250, Life Technologies) was then incubated and the tissue was mounted with Vectashield hardset mounting medium with DAPI (Cat. #H-1500, Vector Laboratories). Sections were analyzed by confocal microscopy using a Zeiss LSM 700 System (Carol Zeiss, Oberkochen, Germany). Quantitative analysis was performed as described previously. 22 Briefly, confocal images of the left neocortical region of interest were taken at Â 40 magnification in a systematically random fashion by a blinded investigator using DAPI labeling to verify focus (n ¼ 38 images per animal). Image acquisition settings were held constant for comparable regions (layer V or VI) for all groups analyzed. Analyses of neurons exhibiting preinjury dextran uptake, postinjury dextran uptake, or both pre and postinjury dextran uptake were performed using the ImageJ colocalization finder plugin (overlap coefficientX0.9) and traditional cell counting. Dextran containing neurons were quantified for each image and averaged for each animal.
Neuronal Density and Damage Analysis
To quantify the density of neurons as well as the percent of damaged neurons sections were stained with hematoxylin and eosin. Tissue was mounted on gelatin-coated slides before dehydration and rehydration. Rehydrated tissue was incubated in hematoxylin (Cat #4820-30-13, Trevigen, Gaithersburg, MD, USA; diluted 3:1 in H 2 O) followed by washes in 0.002% ammonia water and a quick dip in 0.25% eosin Y/0.005% acetic acid/95% ethanol before clearing of the sections through increasing concentrations of ethanol and cover-slipped with Permount (Cat #SP15-100 Thermo Fisher Scientific, Waltham, MA, USA). Sections were visualized using a Nikon Eclipse 800 microscope (Nikon) equipped with an Olympus DP71 camera (Olympus). The region of interest within the somatosensory neocortex was imaged bilaterally at Â 20 magnification in a systematically random fashion (68 images per animal; B65% of the total region of interest). The number of neurons per image (882.3 mm Â 658.8 mm; B0.58 mm 2 ) was counted and averaged for each animal. Damaged neurons delineated by their eosinophilic cytoplasm and/or condensed nuclei were also counted and the percentage of damaged neurons per total number of neurons analyzed was quantified. Comparable to previous descriptions, quantitative analyses were performed in a blinded fashion. 
Whisker Nuisance Task
One day before and 4 weeks after sham injury, TBI alone, or TBI þ ICP elevation chronic survival animals were evaluated for somatosensory hypersensitivity using the WNT 27 (Figure 1 ). Briefly, for each testing period, animals were acclimated to the open-field testing environment for 5 minutes followed by three consecutive 5-minute sessions of manual whisker stimulation of both mystacial pads using the wooden aspect of a 6-inch cotton tipped applicator stick. All tests were conducted at the same time of day and digitally video recorded for analysis. To asses the response to the sensory stimulation, the predominant behavioral responses were scored on a 0 to 2 point scale (0 ¼ absent, 1 ¼ present, 2 ¼ profound) by a blinded investigator for indications of hypersensitivity: (1) freezing, (2) cowering/aggressive stance/body position, (3) rapid and/or forced breathing, (4) retracted whisker position, (5) lack of whisking response, (6) evasiveness of stimulus, (7) fearful/aggressive response to stick, and (8) compulsive grooming. The scores for each animal were summed and averaged for the three trials with the highest possible score being 16 (higher score indicates more pronounced agitation/sensitivity). To reduce variability due to inherently hypersensitive animals, any animal with a presurgery WNT score of 45 was excluded from the study. Two animals were excluded based on this criterion.
Statistical Analysis
One-way analysis of variance (ANOVA) and Bonferroni's post hoc tests were performed for all between group histologic and physiologic analyses. Paired t-tests were done to analyze pre and postinjury differences within each group. A Kruskal-Wallis nonparametric analysis followed by a Mann-Whitney U-test with a Bonferroni correction for multiple comparisons was used to analyze behavioral data. Statistical significance was set at a P value o0.05. Data are presented as mean±s.e.m.
RESULTS

Physiology
To explore the physiologic changes associated with TBI and/or manual ICP elevation, ICP, MABP, CPP, heart rate, and hemoglobin oxygen saturation were assessed for 1 hour before and up to 6 hours after injury. Averages of the pre and postinjury assessed values for these physiologic parameters are depicted in Table 1 . Heart rate and hemoglobin oxygen saturation were comparable across all groups (one-way ANOVA, preinjury heart rate F 2,10 ¼ 2.48, P ¼ 0.133; postinjury heart rate: F 2,10 ¼ 0.66, P ¼ 0.539; preinjury hemoglobin oxygen saturation: F 2,13 ¼ 0.44, P ¼ 0.650; postinjury hemoglobin oxygen saturation: F 2,13 ¼ 0.59, P ¼ 0.568; Table 1 ). Figures 2A and 2B illustrate that the postinjury ICP levels increased in both the TBI alone and the TBI þ ICP-elevation groups compared with preinjury levels (paired t-test, TBI: P ¼ 0.038; TBI þ ICP elevation: P ¼ 0.002). Postinjury ICP levels after TBI alone, however, did not significantly differ from postsham levels and remained within the normal range of 5 to 15 mm Hg 30 (one-way ANOVA, F 2,13 ¼ 9.57, P ¼ 0.003, Bonferroni post hoc P ¼ 0.370; Figure 2D ). Importantly, manual ICP elevation to 20 mm Hg resulted in a significant increase in the 6-hour mean postinjury ICP level above postinjury levels found with sham or TBI alone, although manual manipulation was only conducted from 15 minutes to 1 hour after injury (Bonferroni post hoc, P ¼ 0.004 compared with sham, P ¼ 0.048 compared with TBI; Figure 2D ). As expected, after sham injury, ICP remained consistent with presham values (paired t-test, P ¼ 0.212; Figure 2C ). Likewise, before sham or cFPI, the average ICP was comparable for all groups (one-way ANOVA, F 2,13 ¼ 0.726, P ¼ 0.503).
It is important to note that for all groups, the CPP remained well above levels associated with signs of ischemia (50 mm Hg [23] [24] [25] ). Before injury all groups displayed comparable CPP levels (one-way ANOVA, F 2,13 ¼ 0.067, P ¼ 0.935; Table 1 ). Moreover, after injury, the CPP of the TBI þ ICP-elevation group was comparable to that of the TBI alone group and all the preinjury CPP readings; however, it was significantly less than the postsham levels (oneway ANOVA, F 2,13 ¼ 4.43, P ¼ 0.034, Bonferroni post hoc, P ¼ 0.570 compared with TBI, P ¼ 0.039 compared with sham; Table 1 ).
The MABP for all groups was equivalent before and following sham or cFPI and also remained well above detrimental levels of 60 mm Hg for all groups. 23, 24 Therefore, the significant decrease in CPP levels observed in the TBI þ ICP-elevation group was primarily due to the changes in ICP within both the sham and TBI þ ICPelevation groups and not due to alterations in the MABP after injury. The persistence of the modest ICP elevation after limited manual manipulation and the lack of MABP reactivity to TBI makes this an ideal model for studying the long-term effects of modest ICP elevation after TBI.
Neuronal Membrane Perturbation, but not Axonal Injury, is Exacerbated Acutely with Manual Modest Intracranial Pressure Elevation after Traumatic Brain Injury Based on our previous findings that neuronal membrane perturbation, but not axotomy, was exacerbated acutely in the face of naturally elevated ICP, 22 we probed the possibility that similar results would be observed with manual ICP elevation post TBI. As the amount of axotomy is commonly used to evaluate the magnitude of diffuse TBI, 31, 32 we first analyzed the number of inured axons, visualized via APP accumulation within axonal swellings, 6 hours after TBI (sham n ¼ 2 animals, TBI n ¼ 4, TBI þ ICP elevation n ¼ 5). In accordance with the previous reports, no APP þ axonal swellings were seen in sham-injured controls ( Figure 3A) , whereas TBI alone and TBI þ ICP-elevation showed numerous APP þ swellings within layers V and VI of the somatosensory cortex ( Figure 3 ). However, there was no difference in the number of axonal swellings between TBI alone and TBI þ ICP elevation (TBI alone ¼ 32.53±12.92 swellings/5.8 mm 2 ; TBI þ ICP elevation ¼ 44.50 ± 22.26 swellings/5.8 mm 2 ; t-test, P ¼ 0.678; Figures 3B and 3C ). This is consistent with our previous finding that secondary elevation of ICP does not amplify the extent of axotomy acutely after TBI. 22 It has been well established, by ourselves and others, that fluorescently labeled 10 kDa dextrans, normally excluded from neurons with intact plasma membranes, can be reliably utilized to identify neurons sustaining membrane perturbation after injury both in vitro and in vivo. 18, 19, 22, 28, 29 Based on our previous finding that naturally occurring ICP elevation was associated with exacerbated TBI-induced neuronal membrane perturbation, 22 we next explored whether modest manual ICP elevation to 20 mm Hg would result in a similar exacerbation. To this end, the percentage of NeuN þ neurons sustaining injury-induced membrane disruption, reflected by the uptake of fluorescently labeled dextrans infused intraventricularly before or 4.5 hours after TBI was evaluated acutely after injury (Figure 4 ). In accordance with previous studies, sham-injured animals had virtually no neuronal membrane perturbation within the somatosensory neocortex ( Figure 4C ). Animals undergoing TBI alone or ICP elevation after TBI, however, exhibited neuronal membrane perturbation in layers V and VI of the somatosensory neocortex ( Figures 4A and 4B) . Although the percentage of neurons exhibiting acute membrane perturbation in the TBI alone group was greater than that observed in the sham group, this difference did not reach statistical significance (one-way ANOVA, F 2,10 ¼ 10.97, P ¼ 0.003, Bonferroni post hoc P ¼ 0.234; Figure 4C ). In contrast, however, the percentage of membrane-perturbed neurons in animals sustaining manually elevated ICP after TBI was increased over twenty-fold compared with sham-injured animals and was doubled compared with animals sustaining TBI alone (Bonferroni post hoc P ¼ 0.003 compared with sham and P ¼ 0.041 compared with TBI; Figure 4C ). Of the 62.62% ( ± 10.91) of membraneperturbed neurons identified with TBI þ ICP elevation, 25.32% (±6.33) were flooded with the preinjury-administered dextran and 37.32% (±7.18) were flooded with the postinjury-administered dextran. These findings indicate that manual modest ICP elevation exacerbates neuronal membrane perturbation.
The administration of fluorescently tagged dextrans before and after injury also allowed for the visualization of subpopulations within the greater membrane-perturbed population. These subpopulations include resealing (neurons containing only the preinjury-administered dextran), delayed membrane perturbation (neurons containing only the postinjury-administered dextran), and enduring membrane perturbation (neurons containing both the pre and postinjury-administered dextrans). As we recently showed that enduring and/or delayed membrane-perturbed neurons could have intensified pathologic consequences, 22 a subpopulation analysis was done. Our results showed that the incidence of enduring perturbed neurons increased with TBI þ ICP elevation as compared with TBI alone (t-test, P ¼ 0.048; Figure 4D ). Interestingly, the average postinjury ICP was positively correlated to the increase in enduring membrane-perturbed neurons (Pearson's correlation coefficient ¼ 0.82, R 2 ¼ 0.68, P ¼ 0.002; Figure 4E ). However, the percentage of membrane-perturbed neurons that demonstrated either membrane resealing or delayed membrane perturbation was not different between the TBI alone and TBI þ ICP elevation groups (TBI versus TBI þ ICP elevation; resealing: 32.53 ± 12.03% versus 15.24 ± 5.40%, t-test, P ¼ 0.226; delayed perturbation: 27.68 ± 10.44% versus 31.67 ± 8.18, t-test, P ¼ 0.777). Taken together, this indicates that the increase in membrane perturbation seen with manual ICP elevation after TBI is due to an increase in neurons that fail to reseal their membranes, possibly precipitating chronic neuronal damage or death.
Manual Modest Intracranial Pressure Elevation is Associated with Neuronal Loss 4 Weeks after Traumatic Brain Injury Our previous study indicated that membrane poration was associated with acute neuronal damage. 22 To explore whether the acute exacerbation in neuronal membrane perturbation induced by ICP elevations after TBI was associated with longterm neuronal loss, the density of total neurons was assessed in the somatosensory cortex of sham and injured animals 6 hours and 4 weeks after injury ( Figure 5 ). No homogenous cellular damage/loss, indicative of a global ischemic event, was observed in the tissue at either time point. While the density of total Figure 3 . Axonal injury was not aggravated by modest manual intracranial pressure (ICP) elevation after traumatic brain injury (TBI). Representative photomicrographs of amyloid precursor protein immunoreactivity within the somatosensory cortex from (A) sham-injured animals and animals sustaining (B) TBI alone or (C) TBI þ ICP elevation. Scale bar, 1 mm. neurons per unit area was equivalent between sham, TBI alone at 6 hours, TBI þ ICP elevation at 6 hours, and TBI alone at 4 weeks (one-way ANOVA, F 2,16 ¼ 9.152, P ¼ 0.000, Bonferroni post hoc P ¼ 1.00 for all comparisons), animals sustaining TBI þ ICP elevation had significantly fewer neurons at 4 weeks after injury compared with sham-injured animals or either injury group at 6 hours after injury, a reduction of B14% (Bonferroni post hoc P ¼ 0.004 compared with sham, P ¼ 0.002 compared with TBI 6 hours, P ¼ 0.001 compared with TBI þ ICP elevation 6 hours; Figure 5 ). To explore whether the neuronal loss observed was associated with ongoing pathologic changes, the percent of damaged neurons was assessed at 4 weeks. The percent of damaged neurons, identified by their eosinophilic cytoplasm and/or a condensed nucleus was comparable across all groups at 4 weeks (sham ¼ 16.11 ± 0.51%, TBI ¼ 18.66 ± 1.62%, TBI þ ICP elevation ¼ 16.79 ± 1.53%; one-way ANOVA, F 2,7 ¼ 0.65, P ¼ 0.551). This reduction in neuronal density without corresponding increases in overt neuronal morphologic pathology at 4 weeks after injury indicates that the pathologic progression associated with acute neuronal membrane perturbation occurred between 6 hours and 4 weeks after injury.
Modest Intracranial Pressure Elevation after Traumatic Brain Injury is Associated with Increased Behavioral Morbidity Elevated ICP after TBI resulted in the exacerbation of acute diffuse neuronal membrane perturbation and chronic neuronal loss within the somatosensory cortex. As damage to the somatosensory cortex is correlated to changes in the response to whisker stimulation, the WNT 26, 27 was performed 4 weeks after sham or TBI to investigate whether the exacerbated neuronal pathology in the face of elevated ICP translates to exaggerated TBI-induced behavioral changes ( Figure 6 ).
Animals sustaining TBI alone displayed increased agitation in response to whisker stimulation, indicative of increased somatosensory sensitivity 27 (Kruskal-Wallis test, P ¼ 0.005, Mann-Whitney U-test with Bonferroni correction P ¼ 0.030 compared with sham; Figure 6A ). This difference was observed across the majority of criteria analyzed ( Figure 6B ). Interestingly, animals sustaining TBI þ ICP elevation after injury displayed greater hypersensitivity and agitation to the stimulation as compared with animals sustaining either sham injury or TBI alone (Mann-Whitney U-test with Bonferroni correction P ¼ 0.030 compared with sham, P ¼ 0.045 compared with TBI; Figure 6A ). The increased hypersensitivity observed in the TBI þ ICP elevation group was also discernible across the majority of the behavioral criteria compared with sham or TBI alone ( Figure 6B) . Consistent with previous studies, sham-injured animals were not agitated by the somatosensory whisker stimulation 26, 27 (Figure 6A ).
Because the WNT was performed 1 day before injury as well as at 4 weeks after injury (Figure 1) , a direct comparison of the behavioral changes associated with sham, TBI alone, and TBI þ ICP elevation could be made ( Figures 6C-E) . While TBI alone and TBI þ ICP elevation displayed a significant increase in hypersensitivity compared with preinjury measures (paired t-tests, TBI: P ¼ 0.006; TBI þ ICP elevation: P ¼ 0.001), the degree of change in animals sustaining TBI þ ICP elevation appears much greater than that of TBI alone ( Figures 6C and 6D ). As expected, no change was observed for sham-injured animals (paired T-test, P ¼ 0.212; Figure 6E ). Moreover, somatosensory hypersensitivity was negatively correlated to neuronal density (Pearson's correlation coefficient ¼ À 0.86, R 2 ¼ 0.74, P ¼ 0.013), indicating that neuronal loss in the somatosensory cortex is associated with increased somatosensory sensitivity after TBI. Altogether these results indicate that ICP elevation after TBI, without concurrent ischemia, is associated with exacerbated behavioral morbidity.
DISCUSSION
The current study demonstrates that elevated ICP after diffuse TBI can have profound detrimental short and long-term consequences without the added confound of global ischemia. While axonal injury remained unaltered by manual ICP elevation after TBI, neuronal membrane perturbation was exacerbated acutely. Moreover, the level of postinjury ICP was directly correlated to the degree of enduring neuronal membrane perturbation. Manual ICP elevation was also associated with a decrease in neuronal density and an increase in somatosensory hypersensitivity chronically. Taken together, this study points to a critical role of subischemic ICP elevation on the deleterious behavioral and pathologic consequences that are induced by diffuse TBI.
Our current model, which utilizes well-controlled ICP elevations achieved by limited manual manipulation, enables for a more causative link between ICP elevation after diffuse TBI and acute neuronal membrane perturbation than could be achieved in our previous model of naturally occurring ICP elevation. 22 Nevertheless, the fact that for both studies the percent of neurons containing either the pre or postinjury-administered dextrans in the face of ICP elevation was similar reinforces the idea that the increase in ICP after diffuse TBI is associated with acute neuronal pathologies, regardless of the manner in which ICP is elevated (manually or naturally). Importantly, in the current study, the degree of ICP elevation was directly correlated to the level of membrane perturbation. Specifically, animals with higher mean postinjury ICP showed a greater percentage of neurons with enduring membrane perturbation. The effect of modestly elevated ICP on neuronal plasma membranes precipitating this finding is poorly understood and requires more investigation. Increased localized tissue damage owing to the exacerbated microcirculatory compromise in the face of modestly elevated ICP could increase perilesional damage in a contusional model of TBI. 33, 34 However, because of the lack of contusion and/or square wave tissue damage in this diffuse model of TBI, enhanced microcirculatory issues are unlikely to cause this correlation. A more plausible possibility is that the modest elevation in ICP causes a direct pressure effect on the neuronal plasma membrane that reduces the neuron's ability to reseal, thus pushing it to an enduring phenotype of membrane perturbation. This direct pressure effect could be transduced through the activation of the TRPV2 Ca 2 þ channel, which is both temperature and mechanosensitive and is found in layer V and VI neurons of the rat neocortex. 35, 36 The activation (or over activation) of this channel could lead to calcium-mediated increased protease and/or phospholipase activity, which in turn could overwhelm the mechanisms promoting membrane resealing in these neurons leading to secondary plasmalemmal poration and an enduring phenotype of membrane perturbation, as suggested by the LaPlaca lab. 18 While the long-term pathologic progression of sustained neuronal membrane perturbation remains unknown, our findings suggest that this most likely accounts for the neuronal loss observed 4 weeks after injury. Similar to the relationship observed acutely for the incidence of membrane perturbation, the TBI þ ICPelevation group displayed a reduction in neuronal density at 4 weeks after injury compared with animals that sustained either sham injury or TBI alone. Thus, membrane perturbation may lead to neuronal death, which in turn could be intensified by ICP elevation.
In fact, previous studies have demonstrated that membrane perturbation is associated with an influx of calcium ions 16, 37, 38 capable of triggering calpain-mediated cell death. 39, 40 Alternatively, as previously shown, chronically membrane-perturbed neurons, including neurons sustaining enduring membrane perturbation, demonstrate a redistribution of the lysosomal protease cathepsin-B, 22 which can precipitate cell death via the cleavage of Bid leading to the mitochondrial release of AIF and cytochrome c. 41, 42 Neuronal death, however, may not be the only pathologic consequence of membrane perturbation associated with TBI. It has been demonstrated that a subset of membrane-perturbed neurons maintain the potential for repair and membrane resealing. 18, 20, 28 The fact that the percent of neuronal loss observed in the TBI þ ICP-elevation group 4 weeks after injury was less (B62% of neurons being membrane perturbed at 6 hours versus an B13% reduction in neuronal density at 4 weeks post TBI þ ICP elevation) than the membrane-perturbed values seen acutely supports this scenario. In addition, we observed membrane-perturbed neurons containing only the preinjury infused dextran acutely after TBI, demonstrating that there is membrane resealing in this model. Some neurons classified as enduring membrane perturbed at 6 hours after injury could undergo membrane resealing at a later time point and thus might not progress to cell death. These persisting neurons, however, may be dysfunctional, which could compound the hypersensitive response to somatosensory stimulation observed with elevated ICP after injury.
The described exacerbated behavioral morbidity is reminiscent of the clinical observation that ICP elevation above 20 mm Hg after TBI is associated with increased morbidity in the human population. [2] [3] [4] In addition, hypersensitivity to sensory stimulus is a common phenomenon in patients suffering from TBI. 43, 44 Thus, information regarding the effects of ICP elevation after TBI is not only scientifically, but also clinically relevant to our understanding of the neuropathological and neuropsychological changes that occur in response to brain injury.
Unfortunately, current clinical therapies for elevated ICP after TBI focus on the worst case scenario, aiming to ameliorate the impact of global ischemia due to the effect of severely elevated ICP on CPP. 10, 11 These approaches have proven to have limited success in overcoming the predisposition for negative outcomes associated with elevated ICP after TBI 45, 46 sparking debate over the efficacy of such ICP/CPP strategies and the cost benefit of invasive ICP monitoring. [13] [14] [15] 30, [47] [48] [49] The current study, however, suggests that global ischemia is not the only threat of elevated ICP contributing to morbidity after TBI and speaks to a need for additional basic research exploring the pathologies exacerbated by elevated ICP after TBI.
In conclusion, this study indicates that modest elevations in ICP after diffuse TBI, without attendant reductions in CPP capable of triggering global ischemia, exacerbate behavioral morbidity and neuronal pathology. Understanding the mechanisms by which ICP elevation aggravate these outcomes could lead to the development of novel therapeutic interventions to alleviate the propensity for negative outcomes associated with elevated ICP after TBI. Figure 6 . Somatosensory hypersensitivity is intensified in animals sustaining traumatic brain injury (TBI) followed by modest intracranial pressure (ICP) elevation. (A) Bar graph depicting the mean total score for the whisker nuisance task (WNT). Legend in (A) is applicable for the entire figure. (B) Mean scores for each behavioral measure used to calculate the total WNT score (see methods) for sham (black), TBI alone (white), and TBI þ ICP elevation (gray). (C-E) plots of the pre and postinjury WNT scores for (C) TBI, (D) TBI þ ICP elevation and (E) sham-injured animals. Each pre/postinjury pair represents a single animal. For each group, the mean of all animals is depicted next to the individual values. Sham n ¼ 4 animals, TBI n ¼ 6, TBI þ ICP elevation n ¼ 6. Error bars represent±s.e.m. *Po0.05.
